Polariton Condensation in a One-Dimensional Disordered Potential 
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We study the coherence and density modulation of a non-equilibrium exciton-polariton condensate 
in a one-dimensional valley with disorder. By means of interferometric measurements we evidence a 
modulation of the first-order coherence function and we relate it to a disorder-induced modulation 
of the condensate density, that increases as the pump power is increased. The non-monotonous 
spatial coherence function is found to be the result of the strong non-equilibrium character of the 
one-dimensional system, in the presence of disorder. 
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Quantum degenerate Bose gases in external potentials 
display a variety of behaviors in a large number of sys- 
tems, ranging from 4 He in porous media pQ, ultracold 
atoms in magnetic traps, optical lattices [2] and speckle 
potentials [3 to exciton-polaritons in semiconductor mi- 
crocavities. In atomic systems, the transition from the 
superfluid to the Mott insulator was observed under the 
application of a periodic potential (optical lattice) [3]. 
More recently, evidence for a Bose glass phase was ob- 
tained for a Bose gas in a random potential [5[ [6] . The 
Bose Glass (BG) phase is characterized by a vanishing 
superfluid fraction and an exponential decay of the spa- 
tial coherence and, in contrast to the Mott insulating 
state, it is compressible [7]. Because the effect of disor- 
der on a quantum system is more pronounced in lower 
dimensionality, the studies on the quantum phases of ul- 
tracold atomic gases focused on the special case of one 
dimensional (ID) quantum gases [5, 8HT0]. 

Since the convincing demonstration of polariton BEC 
by several groups [TTHH], microcavity polaritons have 
attracted much interest as a physical realization of the 
quantum degenerate Bose gas. Exciton-polaritons are 
quasi-particles resulting from the strong coupling of a 
photon and an exciton. The half-light half-matter na- 
ture of polaritons confers them a very small effective 
mass (10 -4 times the mass of a free electron) coming 
from the photon component, while their excitonic part al- 
lows them to interact with each other. Both features are 
favorable to achieve condensation [11 , which has been 
demonstrated even up to room temperature [15] , making 
of polaritons a model low-dimensional Bose-gas [T6HT9] . 
However, it is of crucial importance to underline that, 
because of the exciton-polariton finite lifetime, their con- 
densation is a non-equilibrium process, giving rise to a 
phenomenology which bears substantial differences with 
respect to the case of equilibrium BEC of atomic sys- 
tems. Due to the structure of microcavities, the polariton 
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FIG. 1: Michelson interferometer in the mirror-retroreflector 
configuration: a) the mirror arm is superposed to b) the 
retroreflector arm, which is a cent rosy mmetric replica of it, 
in order to get the c) interferogram. This scheme allows to 
probe the coherence of points of the condensate that are spa- 
tially separated from each other. The central point, which is 
overlapped with itself, is called the autocorrelation point 

gas is at most two-dimensional; by employing advanced 
growth techniques, one and zero dimensional systems can 
be manufactured as well Q3J |20] . Contrarily to ultracold 
atoms, disorder is present as a natural feature in micro- 
cavities, as a consequence of the fabrication process. 

Recently, the condensation of ID polaritons was 
achieved by Wertz et al. [14 in a GaAs polariton wire. 
They observed the spontaneous formation of spatial co- 
herence under tightly focused non-resonant excitation. 
Due to the high quality of their GaAs microcavity and 
to the ballistic expansion of the polariton gas under their 
experimental conditions, the disorder played a rather mi- 
nor role in these experiments. Although difficult to un- 
derstand at first sight, these results have been reproduced 
by theory after taking into account the non-equilibrium 
character of the polariton system and some novel relax- 
ation processes [21]. 

On the contrary, the CdTe sample employed here al- 
lows us to investigate the spatial coherence of a polari- 
ton condensate in a strong disorder. This natural feature 
seems promising in order to observe the BG to superfluid 
phase transition. However, as will be shown further on, 
we did not find any evidence of BG but rather a direct 
transition from a non-coherent gas of polaritons to the 
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condensed state is observed. The transition to the con- 
densed state is accompanied by a particular modulation 
of the first-order spatial coherence function that becomes 
more and more pronounced as the density of particles in 
the system is increased. We show how this feature is re- 
lated to the observed disorder-induced modulation of the 
ID condensate density. The particular non-monotonous 
behavior of the spatial coherence function that we find 
confirms the strong non-equilibrium character of our sys- 
tem in presence of disorder. 

Our system consists of a CdTe/CdMgTe semiconduc- 
tor microcavity with 16 quantum- wells, with an overall 
vacuum Rabi splitting of 26 meV. The main feature of our 
CdTe sample is the presence of a strong photonic disor- 
der, which appears in various configurations at different 
positions on the sample. The presence of disorder affects 
the polariton condensation phenomenology, giving rise to 
density modulations. 

We focused our attention to well defined one- 
dimensional shaped disorder valleys in the sample, which 
are delimited at the sides by high energy barriers, de- 
termining the linear shape of the polariton condensate. 
Furthermore, we made sure to find a region in the val- 
ley where condensation occurs in a single state, contrary 
to the generic behavior in our sample, where condensa- 
tion usually occurs in multiple spatially overlapping en- 
ergy states [22]. Therefore, on such a particular location 
in the sample, it becomes possible to isolate and study 
the physics of a single polariton condensate, without the 
complications deriving from the mode competition be- 
tween multiple condensates. The interest of the study 
of such a one-dimensional state lies in the fact that the 
effects of disorder are more pronounced in the ID topol- 
ogy. 

In our experimental setup, the sample is kept close 
to liquid Helium temperature (« 10 K). We excite the 
sample non-resonantly using a Ti: Sapphire monomode 
laser with a quasi-continuous gaussian beam. The ex- 
citation beam is focused on the surface of the sam- 
ple with a high numerical aperture microscope objec- 
tive, with an illumination spot diameter of approximately 
20 /im. The photoluminescence (PL) signal is sent to 
a Michelson interferometer in the mirror-retroreflector 
configuration, that allows to measure in a direct way 
the spatial coherence of our condensate, quantified by 



where iff(x) is the po- 
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lariton annihilation operator [2]. The retroreflected im- 
age is a centrosymmetric replica of the mirror arm image. 
The interferometric superposition of the two arms makes 
points, symmetric with respect to the so-called autocor- 
relation point (the center of the image) to overlap in the 
interferogram (as sketched in Fig{T]). This allows to probe 
the spatial coherence between points of the condensate, 
that are spatially separated from each other, through the 
analysis of the interference fringes [11]. The interfero- 
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FIG. 2: a) Real space photoluminescence coming from the 
surface of the sample at a specific ID disorder valley and b) as- 
sociated interference pattern (both taken above condensation 
threshold). It can be seen that the coherence manifests only 
along the linear disorder valley. The corresponding real space 
energy spectrum are shown in c) and d) respectively, where 
the energy line of a single ID state can be observed. The 
polariton dispersion, below condensation threshold, is shown 
in e) along k x (along the linear condensate) and in f) along 
k y (ID confinement direction). Note: the colorscale of (b), 
(c) and (d) is saturated to make the signal modulation more 
visible. 



metric measurement gives direct access to the first-order 
spatial coherence function g^\r) = <7^(§, — §), where r 
is the distance to the autocorrelation point along the ID 
condensate. 

In order to achieve condensation, we increase the pump 
power above a certain threshold power, P t h = 100/iW, in- 
jecting in the system a polariton population which is suf- 
ficient for stimulated scattering towards the ground state 
to occur and macroscopically populate it. The real-space 
luminescence, coming from the one-dimensional disorder 
valley studied in this work, is shown in Fig(2]a. In Fig(2]b 
one can see the interference fringes that occur at the out- 
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put of the modified Michelson interferometer along the 
whole length of the one dimensional condensate. The 
corresponding spectra are shown in Figj2jc and Figj2jd 
respectively, where the presence of a single energy state 
is confirmed. Further confirmation comes from a tomo- 
graphic reconstruction (not shown) displaying the spec- 
trally resolved emission in the whole k-space. Below the 
condensation threshold for polaritons, a single ID con- 
fined state is observed, which shows a parabolic disper- 
sion only along one of the two orthogonal k-space axes, 
coexisting with the whole parabola of the extended 2D 
state. More specifically in Fig(2]e we show the polariton 
dispersion along the k x direction, which corresponds to 
the linear condensate direction, and along k y (Figj5Jf), 
the one-dimensional confinement direction (both images 
are recorded below condensation threshold). It can be 
seen that the lowest state at ~ 1.6714 eV is ID confined, 
featuring a parabolic dispersion only along the linear con- 
densate direction. When we increase the excitation power 
above P t h, condensation occurs in the ID confined state 
whilst the 2D extended states are still far below thresh- 
old. The emission from the 2D polariton states is thus not 
visible anymore with respect to the ID condensate emis- 
sion. It can be also noticed that, above threshold, the 
ID confined state is blueshifted by « 0.5 meV (see Fig. 
[2]f versus [2]c) due to the interactions of the increased 
polariton population with the excitonic reservoir. This 
value is typical and in line with our previous experimen- 
tal observations. 

We performed both real-space photoluminescence and 
coherence measurements over a wide range of excitation 
powers, starting from below the condensation threshold 
up to almost three times the threshold power, a range 
over which we are able to track the single ID confined 
state and study its intrinsic properties. For higher pump 
powers we observe the occurrence of condensation in mul- 
tiple states and mode competition, which is due to the 
non-equilibrium nature of polariton condensation. 

The real space PL measurements allow us to directly 
access the polariton density, which is reported in Fig(3ja 
for different values of the pump power. Below threshold, 
the classical polariton gas is characterized by a rather 
smooth density, because the effective temperature of the 
thermal polaritons is larger than the average amplitude of 
the disorder potential. Above threshold, a single energy 
delocalized condensed state builds up, allowed by the po- 
lariton interactions that bring in phase different spatial 
regions of the condensate: a process known as mode syn- 
chronization [53]. Instead of a smooth density, the con- 
densed phase features a more and more pronounced mod- 
ulation of the polariton density as the excitation power 
is increased. The observed modulation is the result of 
localization effects in the disorder. 

In order to point out the role of disorder in a more 
quantitative way, we carried out further analysis, in anal- 
ogy with the usual analysis employed in atomic conden- 
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FIG. 3: a) Real space normalized polariton density profiles 
along the ID condensate, for different values of the excitation 
power. The black dotted curve is the reference profile con- 
sidered in the analysis of the disorder-induced density modu- 
lations, b) Standard deviation of the measured density pro- 
files with respect to the gaussian reference profile (background 
color gradient identifies three different regimes, as explained 
in the text). 



sates [23]. We considered a reference density distribu- 
tion, representative of the polariton condensate density 
in an ideal disorder- less case [25] . We assumed as a refer- 
ence the gaussian profile, po(%), shown in Fig{3ja with a 
dashed black line. The standard deviation, A77, with re- 
spect to this reference is calculated for the measured den- 
sity profiles at all different values of pump power, accord- 
ing to the formula A 77 = )J±E X ( £i ^^ 1 )\ where 

p{x) is the normalized measured density. The sum over 
x extends over the N central points (corresponding to the 
interval from -8 jim to 8 jim) along the linear condensate, 
excluding the tails, strongly affected by noise. In accor- 
dance with the qualitative observation, for increasing ex- 
citation power the standard deviation increases (Figj^Jb), 
confirming that the modulation due to the disorder be- 
comes increasingly relevant. The background color gra- 
dient in FigJ3]b replicates the three regimes identified in 
the behavior with pump power of the first-order coher- 
ence function: non-coherent gas, coherence build-up and 
fully coherent polariton condensate. 

In FigjJ] we show the g^\r) for different excitation 
powers, r = being the autocorrelation point. Given 
the centrosymmetry of the interferogram, we plot curves 
that result from the average of the two spatial halves of 
the coherence function. Below threshold the correlation 
is limited to a small region around the autocorrelation 
point, whose size is approximately 0.8 /im, defined by 
the convolution of the response function of the micro- 
scope objective and the thermal de Broglie wavelength 
Xth of polaritons [11]. As the threshold power is reached, 
coherence gradually builds up along the ID disorder val- 
ley. Further increasing the power, long-range order estab- 
lishes and the coherence extends over the whole length 
of the ID condensate. 

A striking feature in Figj4]is the presence of a spatial 
modulation of the g^\r). This effect can be explained 
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FIG. 4: First-order spatial coherence function along the lin- 
ear condensate for different values of the pump power. The 
threshold power P t h for condensation is found to be around 
100 //W. The spatial modulation of the reflects the den- 
sity modulation due to the presence of disorder (see text). 
The error bars quantify the uncertainty in the numerical de- 
termination of the value. 

taking into account the condensate density, shown in 
Fig 3 a. The expression for the g^ as a function of the 
condensate density, n^ c , and the associated density fluc- 
tuations, Srii, reads 

(i) ^n lc n 2c 1 




(1) 

where i = 1,2 indicates the two arms of the interfer- 
ometer. If we assume that the incoherent density Srii is 
independent of the potential fluctuations, it is immedi- 
ately clear that the minima of the spatial coherence and 
total density coincide. 

We want to point our that the present coherence mea- 
surements yield the largest values of the long range order 
measured up to now in CdTe microcavities. The previ- 
ously measured values of the long-range spatial coherence 
were less than 0.5. These lower values are due to the for- 
mation of multiple condensates on generic positions on 
the sample. 

In conclusion, in this work we have presented a study 
of the coherence properties of a non-equilibrium exciton- 
polariton condensate in a one-dimensional potential trap. 
We have reported on the behavior of the first-order coher- 
ence function with increasing pump power, highlighting 
the relation between its spatial modulation and the mod- 
ulation of the ID condensate density due to the presence 
of a disorder potential. As in one-dimension the effect 
of disorder in more pronounced, we are able to experi- 
mentally measure a non-monotonous coherence function, 
resulting from the strong non-equilibrium nature of our 
polariton system. 

In a view of the identification and possible experimen- 
tal assessment of the BG phase, further experiments on 



new disorder-engineered samples should be performed, in 
order to be able to design and control the disorder land- 
scape and amplitude felt by the polariton quantum fluid. 
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